We estimate the depth-dependence of nonthermal broadening in the solar photosphere using the widths of weak absorption features in spatially averaged profiles of the Ca n H and K wings {KPNO Atlas), The inferred vertical component of the photospheric total-motion field does not show a significant depth-dependence, in contrast to previously proposed models which have sharply inward increasing velocities in the deep photosphere. The mean Gaussian nonthermal broadening obtained is f = 1.6 ± 0.1 km s -1 (one-half full e-folding width). In addition, we have used the inferred nonthermal broadening to estimate thermal widths, and therefore also atomic weights, for several weak features in the H and K wings which are unidentified or have uncertain identifications. We find that the majority of these are consistent with rare-earth absorption.
I. INTRODUCTION
The problem of the nonthermal Doppler broadening of solar and stellar spectrum lines has come under increasing scrutiny in recent years (Canfield 1971; Rutten, Hoyng, and De Jager 1974; Evans, Ramsey, and Testerman 1975; Evans and Testerman 1975; Gurtovenko 1975; Smith, Testerman, and Evans 1976; Stencel 1977) . Unfortunately, there has been little agreement between independent methods of measuring the nonthermal broadening of solar Fraunhofer lines (e.g., Gurtovenko 1975, his Figs. 1-2) ; consequently the physical origins of the effect itself remain obscure. This situation is particularly unfortunate because it seems very likely that nonthermal broadening must be understood first for the solar case where high spatial and temporal resolution observations are possible, before the general stellar case can be treated successfully (Smith, Testerman, and Evans 1976) .
The understanding of nonthermal broadening would be particularly important if it could be related directly to properties of solar velocity fields, either ordered or stochastic. Because these velocity fields are ultimately related to nonradiative energy transport in the solar (or stellar) convection zone, measurements of nonthermal broadening may indicate, for example, the dissipation patterns of energy transmitted through the deep photosphere to heat the upper photosphere and lower chromosphere. In addition, nonthermal broadening affects the equivalent widths of Fraunhofer lines and thereby can influence the inference of chemical abundances by curve of growth or spectrum synthesis techniques (e.g., Ross and Aller 1976) .
The purpose of this paper is to add additional fuel to the debate on nonthermal broadening by presenting "direct" measurements of the vertical component of the solar total-motion field over a wide range of heights in the photosphere. By "direct" we mean that the Gaussian widths of weak Fraunhofer lines are used to derive the nonthermal Doppler broadening, which itself is assumed to be a convolution of Gaussian components. We obtain depth-dependent information by choosing weak lines at various wavelength displacements in the broad damping wings of the Ca n A3968(H) and A3934(K) resonance lines, using the strong frequency dependence of the Lorentzian wing opacity as a natural filter to sample particular portions of the photospheric thermal structure.
This approach is based on the example of Canfield (1971) and Stencel (1977) who have used weak emission lines in the H and K wings to probe solar and stellar total-motion fields. However, there is no particular advantage to be gained by using emission features rather than, say, weak metal absorption lines. In fact, the weak emission features in the solar H and K wings appear mainly at the limb, and therefore can probe only the tangential component of the photospheric total motion field. In contrast, weak absorption features appear at all disk positions and presumably could be used to map the full angledependence and depth-dependence of the nonthermal broadening. Similarly, weak absorption lines are likely to be present in flux profiles of the H and K wings of late-type stars regardless of spectral type and luminosity class, whereas the wing emission features tend to favor the more luminous stars (Stencel 1977) .
Of course, in practical applications, both emission and absorption line widths should be measured in order to use all of the spectral information available. However, because the emission line approach has already been described in detail by Canfield (1971) and Stencel (1977) , we discuss here solely the feasibility of using weak absorption features in the H and K wings to measure nonthermal Doppler broadening in the solar photosphere.
II. OBSERVATIONS a) Weak Absorption Features in the H and K Wings
We consider here disk-center, spatially averaged profiles of Ca il H and K from the Preliminary Edition of the Kitt Peak Solar Atlas (Brault and Testerman 1972) . These data were obtained in the double-pass mode of the Kitt Peak "vacuum" spectrograph; hence, the spectral resolution is high and scattered light is negligible. Because of the large signal-to-noise ratios achieved in these solar observations, profiles of very weak absorption features in the H and K wings can be unambiguously recognized and measured. A portion of the spectrum in the immediate vicinity of Ca n K is illustrated in Figure 1 . Several of the weak lines used in the analysis here are indicated in this figure. A total of 15 isolated, weak absorption features in the H and K wings were chosen for width measurements. The majority of these are firmly identified metal lines, although several lines in the sample are unidentified or have uncertain identifications. These lines were selected from regions of the H and K wings not otherwise disturbed by strong Fraunhofer absorption. Weak-line profiles which were clearly asymmetric or which had residual depths in excess of 35% of the local wing intensity were excluded from the sample. Doppler widths, AA D (one-half full e-folding width), were determined for each line by fitting Gaussian absorption profiles superposed on sloping baselines of constant gradient to the measured intensities. The fitting procedure iteratively optimized the first and second moment comparisons of computed and measured line shapes, treating the line position and AA d as free parameters.
Line positions, identifications, and measured Doppler widths are listed in Table 1 .
tí) Ca i A6573 and [Ca n] A7324
In addition to the absorption features measured in the H and K wings, we also consider here the weak intercombination line Ca i A6573, and the weak forbidden line [Ca h] A7324. These features are formed on a predominantly H" background continuum and thereby provide information on somewhat deeper layers of the photosphere than the weak absorption lines in the H and K wings. Both lines arise from the ground state of the particular ionization stage, and thereby tend to exhibit much less pressure broadening than, say, transitions arising from high lying states. This attribute is useful when measuring nonthermal widths of weak lines formed in the high density layers of the deep photosphere, where the van der Waals broadening can be substantial.
Profile measurements of A6573 and A7324 are described in a previous paper (Ayres 1977) . Both features were corrected for blending effects : the presence of the long wavelength wing of Ha in the case of A6573 and an adjacent terrestrial water vapor line in the case of A7324.
Pertinent data for these transitions are given in Table 1 .
III. INTERPRETATION a) Gaussian Line Shapes
There are two important assumptions in the analysis presented here: (1) that the local nonthermal broadening in the region of weak-line formation can be represented by a Gaussian distribution of Doppler motions; and (2) that the Gaussian width AA D of the emergent weak-line profile is a direct measure of the total Doppler broadening in the region of line formation :
Here AA r = (A/c) (2/:77M) 1/2 is the thermal width, AA nt is the nonthermal contribution, and AA inst is an additional correction for instrumental broadening.
If the first assumption is true, the second can be illustrated by simple analytical arguments, such as those of Gray (1975, p. 306) appropriate to a weak absorption feature formed against a "flat" background continuum. The presence of the sloping background of the H and K wings presents no additional difficulties because, for a sufficiently weak absorption feature, the wing and weak line intensities add linearly to form the composite profile.
However, the detailed distribution of nonthermal Doppler motions in the solar atmosphere may not be purely Gaussian. In fact, Smith, Testerman, and Evans (1976) propose an exponential distribution of at least the "macroturbulent" component of the total broadening, based on Fourier analysis of fluxlike Ou, = 0.63) solar profiles. Alternatively, their macrovelocity distribution is also consistent with an "internal Gaussian velocity distribution and a radial-tangential streaming geometry" (see Smith, Testerman, and Evans 1976; their Note added in proof). In this case, our first assumption would be justified because we examine here only the radial component of such motions. If, on the other hand, the nonthermal velocities are not Gaussian, then we sacrifice some information concerning the detailed nature of the velocity distribution in order to retain a simple oneparameter description of the nonthermal broadening. Figure  2 . We have used the "Ayres-Linsky" modification to the Vernazza, Avrett, and Loeser (1976) semiempirical solar model to compute these contribution functions, because the modified thermal structure with its "hot" temperature minimum region was designed specifically to reproduce absolute intensity profiles of the KPNO spatially averaged H and K wings (Ayres and Linsky 1976) .
The contribution functions themselves are {p = 1):
•* AA so that,
Here, m is the mass column density in gem -2 , which we adopt as a depth scale, and the wing source function S AÁ is obtained using a partial coherent scattering approximation based on the broadening parameters and calcium abundance given by Ayres (1977) .
Contribution functions for the H wings are similar to those of the K wings for AA K ~ 2 1/2 AA H .
c) Inferred Nonthermal Broadening
We estimate the thermal width of a weak absorption feature in the H or K wings by folding AA r = (A/c) (IkT/M) 112 into the appropriate monochromatic wing contribution function to obtain <AA r >. We assume here that the contribution function of the AYRES Vol. 214 LOG "Ï" 5 QQQ Fig. 2 .-Normalized contribution functions for the Ca n K wings. The contribution functions {solid curves) are designated by value of AA (relative to line center, in Â). The dashed curve is C for the "continuum" wavelength A3950 midway between H and K. The Ayres-Linsky thermal structure, used to calculate these contribution functions, is indicated by a dot-dashed curve.
weak line and background is essentially identical to that of the background alone. Given an estimate of the thermal width, the nonthermal component AA nt is obtained by quadratic subtraction (i.e., eq. [1]).
For simplicity, we have ignored additional possible broadening mechanisms, such as isotopic and hyperfine splitting, but include a small Gaussian correction A^inst (A3950) ä 6mÂ to account for the KPNO instrumental profile (12 mÂ FWHM at A5000).
The nonthermal broadening obtained in this fashion is an average over the line-forming region. We define a characteristic "height of formation" log w re f(AA) for a particular wavelength displacement AA in the H and K wings as the mass column density above which half of the emergent monochromatic intensity is emitted. A measure of the approximate extent of the line-forming region-and therefore also the region over which the nonthermal broadening is sampled-is given by (A log m) re f = l/<?(log m re f). Typically, (A logm) re f ~ 0.3 for lines in the H and K wings formed near t 50 oo = 1 and ~ 0.7 for lines formed near T5000 = 10 " 3 . Heights of formation, estimated thermal widths, and inferred nonthermal widths are listed in Table 1 . Lines having uncertain identifications were initially assumed to be Fe 1 for the purpose of computing thermal widths. Figure 3 compares the nonthermal broadening obtained in the previous section-expressed in km s" 1 -with the photospheric total-motion models [I = (£ 2 micro + l 2 maoro) 1 ' 2 , vertical component] proposed by Holweger and Müller (1974) and Gurtovenko (1975) . These particular velocity distributions are typical of currently proposed models (e.g., Evans and Testerman 1975). The "direct" measurements here of the vertical component of the nonthermal broadening suggest that the total-motion field is relatively constant with depth in the upper photosphere, contrary to the inward increasing velocities of the Holweger-Mfiller and Gurtovenko models.
IV. DISCUSSION a) Nonthermal Broadening in the Solar Photosphere i) Weak Lines in the H and K Wings
On the other hand, the vertical nonthermal broadening estimated here, £ = 1.6 ± 0.1 kms -1 , is in qualitative agreement with the previous work of Canfield (1971) test the second premise of § lia directly and because these lines are important as abundance indicators (Ayres 1977) . We synthesized profiles using the AyresLinsky thermal model with depth-independent classical microturbulences of 0.5, 1.0, and 1.5 km s _1 . For each turbulence model, we adjusted the calcium abundance to force fits between computed and measured equivalent widths individually for A6573 and A7324. We then determined the appropriate depth-independent classical macroturbulence by minimizing the second moment comparisons of synthetic and measured line shapes (e.g., Ayres 1977) . In this fashion, we obtained a total nonthermal broadening of £ ~ 1.6 ± 0.1 km s -1 for both lines, independent of the initial microturbulence model. This result compares favorably with the nonthermal broadening obtained directly from the line widths (Table 1) .
iii) Is the Total Nonthermal Doppler Broadening Really
Depth-Independent ?
If the total nonthermal Doppler broadening in the solar photosphere is depth-independent, as suggested by the widths of weak absorption features in the Ca n H and K wings, why do other approaches (e.g., Fig. 3 ) obtain significant increases of | below t 5000 = 0.1 ? A possible explanation is contained in the methods traditionally used to estimate nonthermal broadening in the Sun and other stars. In particular, the "microturbulence" is often determined-and essentially defined-by its eifect on medium-strength lines in the shoulders and flat portions of curves of growth. Once fmicro is determined, the "macroturbulence" is then taken to be any additional broadening necessary to reproduce the shapes of strong-line cores. However, Foy (1972) has pointed out an important danger in determining £ m icr 0 using medium-strength lines in curves-of-growth : if, as he found for the solar iron spectrum, the van der Waals damping is a strong and systematic function of excitation in the sense that weaker lines exhibit larger interaction constants than stronger lines, then the variation of the Voigt parameter 0f v with the curve-of-growth parameter 770 (e.g., Mihalas 1970, p. 337) can partially control the location of the shoulder and flat portion of a curve of growth, thereby mimicking the symptoms usually attributed to microturbulence. This eifect would be particularly important for lines formed below t5 00 o = 0.1, because the rapid inward increase of the pressure broadening toward the deeper layers of the photosphere might be misinterpreted as an inward increase of the microturbulence. Foy (1972) carefully considered this problem in interpreting a detailed curve of growth for solar iron.
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Significantly, he obtained a depth-independent £ m i Cro = 0.5 km s" 1 , taking into account the systematic effects of damping. In fact, if we quadratically add Foy's imicro to the depth-independent fmacro = 1.6 km s" 1 provisionally determined by Garz et al. (1969) based on strong iron lines, we obtain a total nonthermal Doppler broadening of £ ~ 1.7kms _1 independent of depth. The latter value is in good agreement with that determined here using weak line profiles.
Hence, the apparent increases of £ m i C ro with depth in the solar photosphere below t 5000 = 0.1 obtained by Holweger and Müller (1974) and Gurtovenko (1975) Moore, Minnaert, and Houtgast (1966) compilation of solar spectrum features. If we accept the apparent nonthermal broadening of f = 1.6 km s _1 independent of depth, we can quadratically subtract that value from measured total widths in order to estimate thermal widths for the unidentified lines. Because we also know the approximate temperature in the line-forming region, we can estimate the atomic weights of the atoms producing these lines, and thereby narrow potential identifications to fewer possible candidates. In this fashion, we find that the A3963.911 thermal width corresponds to an atomic weight M ~ 140 amu, while A3964.019 corresponds to M ~ 50 amu. The former suggests Nd il (M = 144.2), consistent with Stencel's (1973) identification of this feature based on limb emission behavior. The latter suggests the Cr i {M -52.0) transition at A3964.012 tabulated by Kurucz and Peytremann (1975) in their extensive compilation of line positions and semiempirical g/-values. The nonthermal broadening obtained from the Nd ii feature is illustrated as a filled square above a hollow square in the extreme right of Figure 3 . The hollow square represents the nonthermal velocity obtained by assuming that the weak line is Fe i. In addition, the A3932.250, A3932.923, and A3967.972 features identified as Fe i by Moore, Minnaert, and Houtgast (1966) all produce nonthermal widths somewhat smaller than the mean £ determined from the firmly identified Fe i lines. The "low" f's inferred from these three lines, shown as hollow squares in the middle and left of Figure 3 , may result from misidentifications. In particular, there are no Fe i transitions within ± 100 mÂ of A3932.250 and A3932.923 in Kurucz and Peytremann's (1975) tables. On the other hand, Kurucz and Peytremann list a weak Fe i line 18 mÂ shortward of A3967.972. However, nearby Fe i lines of comparable excitation (E l = 3.24 eV) and g/-value (log gf ~ -4.0) such as A3967.118 or A3968.108 appear to be completely absent from clean regions of the H wings in the KPNO Atlas tracings; hence, A3967.972 is probably not Fe i A3967.954. If we again make the simple assumption of depth-independent nonthermal broadening, we must conclude that the three "Fei" lines actually arise from much heavier elements, probably rare earths. We have assigned tentative identifications to these features based on the Meggers, Corliss, and Scribner (1975) tables of line positions and relative intensities determined from arc spectra. The tentative identifications are not based solely on wavelength coincidences and the estimated atomic weights, but also required the presence of other transitions from the particular rare-earth ionization stage in the Moore, Minnaert, and Scribner spectrum lists having at least roughly the appropriate relative line strengths. Unfortunately, these rare-earth spectra are very rich, and the possibility of chance coincidences with solar features is large. On the other hand, the inferred nonthermal broadening velocities based on the tentative identifications (shown as filled squares above the hollow squares in Fig. 3 ) are in good agreement with the f's based on the better identified features.
Incidentally, we find that the identifications assigned to A3927.107 (Nd n) and A3930.665 (Yu) by Moore, Minnaert, and Houtgast are consistent with the estimated mean nonthermal broadening of £ ~ 1.6 km s" 1 .
c) For the Future
One of the puzzling problems in late-type stellar spectroscopy is the Wilson-Bappu effect (Wilson and Bappu 1957) -the apparent strong correlation of the Ca ii H and K chromospheric emission core widths with stellar luminosity. Hoyle and Wilson (1958) , Kraft (1959) , Reimers (1973) , and others have suggested that this particular correlation is attributable to a systematic increase of middle chromosphere turbulent velocities with increasing stellar luminosity. Alternatively, Ayres, Linsky, and Shine (1975) have suggested that the increasing material thickness of the chromosphere with decreasing stellar surface gravity (and hence increasing luminosity) can produce the Wilson-Bappu correlation seen in the K x minimum features, and therefore perhaps also in the adjacent emission core. In order to distinguish between these and other possibilities, it is clearly necessary to understand nonthermal broadening in late-type stellar atmospheres. We feel that the measurements of line widths of weak features-both emission and absorption-in the wings of high dispersion stellar H and K profiles is an important step toward that goal (e.g., Stencel 1977) . In this regard, the techniques described here and by Canfield (1971) and Stencel (1977) should also be extended to absorption and emission features in the Mg ii A2803(/z) and A2796(fc) wings when satellite observations of the necessary spectral resolution and signal-to-noise become available.
Finally, we hope to apply the Fourier transform techniques described by Gray (1975, § 18) and Smith, Testerman, and Evans (1976) The author wishes to thank R. E. Stencel for describing the rare-earth emission line work and for helpful discussions, and the anonymous referee for his constructive criticism.
